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Morphology and distribution of seamounts surrounding
Easter Island

Yoav Rappaport,l’2 D. . Naar,! C.C. Barton Z.J. Liu,""%and R. N. Hcy5

Abstract. We investigate the morphology and distribution of a seamount population on a
section of seafloor influenced by both superfast seafloor spreading and hotspot volcanism. The
population under investigation is part of a broad chain of seamounts extending eastward from the
Fast Pacific Rise, near Easter Island. In order to define the morphological variability of the
seamounts, basal shape, cross-sectional area, volume, flatness, and flank slopc are plotted against
height for 383 seamounts with heights greater than 200 m, hased on bathymetry data collected by
GLORI-B and SeaBeam 2000, during three cruises onboard the R’V Melville in the spring of
1993, Nearly complete swath mapping coverage of the seamounts 1 available for the analysis of
size and shape distribution. We quantitatively describe the seamount population of this active
region, in which seamounts cover ~27% of the seafloor, and account for ~4.2% of the total crustal
volume. Over 50% of the total volume (61,000 km?3 ) of seamounts used in this study is made up
by the 14 largest seamounts, and the remaining volume is made up by the 369 smaller seamounts

(>200 m in height). Our analysis indicates there are at least two seamount populations in the
Easter Island-Salas y Gomez Island (25°-29°S, 113°-104°W) study area. One population of
seamounts is composed of short seamounts (<1200 m in height) with variable {latness from
pointy cones to flattened domes (flatness from 0.01 to 0.57) and predominantly steep tlanks
(slopes from 5° to 32°). A second population is of massive (>1200 m), shield-like, pointy cones
(flatness < 0.2) and gentle slopes (from 5° to 15°). An exponential maximum likelihood
distribution is fit 1o the binned raw frequency of height and gives a characteristic height of the
seamount population of 308+12 m and an expected number of seamounts per 1000 km? of
2.740.15. Many seamounts that have different slope and flatness relationships with height are
formed next to each other. We speculate that the larger volcanoes (>~1200 m) originate
exclusively from a hotspot source, but only a portion of the smaller volcanoes (<~1200 m) are
formed from a hotspot source. The remainder would be presumably formed by a normal mantle or

mixed source.

1. Introduction

A broad chain of seamounts extends from the East Pacific
Rise (EPR) eastward toward South America in the southcastern
Pacific (Figure 1) in a region influenced by superfast spreading
and hotspot volcanism. Here we quantitatively describe this
seamount population using nearly 100% coverage of GLORI-B
[Somers and Huggert, 1993] and SeaBeam 2000 bathymetry
data. Analysis of the side-scan and bathymetry data, covering
243.000 km? of seafloor, collected on the GLORIA expedition
(Legs 5-7) in early 1993 [Naar etal., 1993a, b], show that
seamounts in the Easter-Salas y Gomez Islands area (25°-29°S,
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113°-104°W) have a variability in shape and size (height and
volume) distributions [Rappaport et al., 1994, Rappaport,
19961,

We examine the distribution and morphology of seamounts
along the Easter Seamount Chain (ESC), in order to
investigate the relationship between mantle plumes and mid-
ocean ridges in a superfast spreading environment. This study
is unique because it is the first study of its kind to investigate
morphology and distribution of volcanoes in both a hotspot
and superfast seafloor spreading environment. The
motivation for this study is to gain a better understanding
about the processes at work in this unique tectonic/volcanic
setting.

Our approach is to conduct a statistical study of the
morphology and distribution of the scamounts [e.g., Jordan e
al . 1983 Smith and Jordan, 1987, 1988, Smith, 198%].
Seamounts along the western part of the ESC are 1dentified as
discrete features whose morphological character 15 described
quantitatively 10 terms of height, volume, basal radius,
summit radius, cross-sectional area, flatness, and slope. This
study includes seamounts with heights from 200 m to 3300 m.
However, we fit the seamount size distributions using the
maximum likelihood binned method for volcanoes ranging
from 200 m to 1000 m in order to compare with previous
studies and o avoid using bins with tess than five volcanoes.

We investigate if the different morphotogies are formed by
the same process and why 15 there such a broad distribution of
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Figure 1. Location map showing southeastern Pacific predicted bathymetry., Image shows scafloor depth
predicted from ETOPOS data and free-air gravity anomalies calculated from the Geosat altimetric data [Liu,
1996]. Some major features of the southeastern Pacific are included; the thick line marks the boundary of the
study area. The thin line marks plate boundaries. The white line marks boundary of region in Figure 2.

volcanism. The distribution of volcanoes is significantly
different than any other area along the fast spreading EPR and
different than the long and linear hotspot chains found
elsewhere, suggesting  that the between  fast
seafloor spreading and hotspot volcanism may be responsible
{Hagen et al., 1990, Lin, 19906). Other studies of scamounts in
the Pacific Oceun have deliberately focused on seamounts away
from known hotspats [Abery er al., 1988, Bartiza, 1982,
Fornari et al., 1987b, Kleinrock and Brooks, 1994: Scheirer
and Macdonald, 1995, Scheirer et al., 1996, Smith
Jordan, 1987]. Bemis and Smith [1993] did cover an arca of
hotspot volcanism over the Superswell area of the Pacific, but
they did not have ~100% bathymetric coverage. The only
study of seamounts formed by a hotspot and near a ridge is in
the slow spreading Mid-Atlantic Ridge area {Magde and Smith,
1995].
these seamounts are common to the slow spreading ndges

interaction

and

The morphology and distnibution characteristic of

despite the presence of a hotspot. Thig 1s not the case in our
study area which appears to be significantly affected by the
presence of a hotspot

2. Background

Seamount shape and size distributions are studied in order to
gain a better understanding of the chemical character of the
extruding magma, its availubility, the nature of the plumbing
svstem, and the character of the hithosphere [Bariza, 1989,
Batiza and Vanko, 1984; Fornari eral., 19874, 1988, Scheirer
and Macdonald, 19935 Searle, V983, Shen er al., 1993, 1995,
Smith and Cann, 1992, 1993
of seamounts, inferences may be made about the physical

Based on the geometiie form

properties of the extruding lava viscosity, effusion rate,
availability, temperature during the edifice building process
[Binard er al., 1991, Fornari et al., 1987b; Macdonald et al.,
1993 Magde and Smith, 1995, Scheirer and Macdonald, 1995
Scheirer et al., 1996, Smith, 1988, Vogr and Smoor, 1984],
and modification by postemplacement processes [Moore er
al., 1989, Smoot and King, 1992]. Primary control of shape
15 by (1) the tectonic setting {Batiza, 1982], (2) fraclure
pattern of the plate [Clark and Dymond, 1977, McNutt et al. ,
19891, (3) mantfe heterogeneities (thermal and
composttional) [e.g.. Davis and Karsten, 1986, Kincaid er al.,
1996], (4) age and thickness of the lithosphere [e.g., Vogr,
1974], (5) chemical composition of the magma [e.g., Batiza et
al., 1989}, (6) physical properties of the magma such as
effusion rate and viscosity [e.g., Bonarti and Harrison, 1988],
(7) shape, size, and geometric relations of magma supply
conduits (Fornari er al., 1987a], (8) availability of magma,
and (9) postemplacement modification such as reef growth,
wave truncation, and or slope failure {Holcomb and Searle,
1991 Maoore er al., 1989, Smoot and King, 1992].

2.1. Seamount Formation Environments

Statistical
conducted 1n a variety of tectonic regimes, including slow

studies of seamount populations have been
spreading regions of the Atlantic distant from hotspots [Smith
and Cann, 19901, slow spreading regions influenced by
hotspots such as Ieeland |e g, Magde and Smith, 1995}, and
fast spreadimg regions of the Pacilic distant from hotspots
{Abers er al., 1988, Alexander and Macdonald, 1996, Bariza,
1982 Farnari er al., 1987h, Menard, 1964, Scheirer et al.,
1996 Smith and Jardan, 1987, 1988
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2.1.1. Slow spreading Mid-Atlantic Ridge.
Scamounts are commonly associated with volcanic processes
in an intraplate or near-axis sctting.  Near-axis seamount
production is primarily controlled by spreading rate and
magma flux [Alexander and Macdonald, 1996; Scheirer et al.,
1996 Smith and Cann, 1993]. In

environments such as the northern Mid-Atlantic Ridge (MAR),

slow  spreading
seamounts are formed within the median valley floor and
transported by large-scale faulting to the ocean floor [Magde
and Smith, 1995, Smith and Cann, 1993].
dominated by axial rift valleys 30-45 km wide and 1-2 km

The region 1s

deep, with an inner valley floor bounded by normal faults tha
are hundreds of meters high [Macdonald, 1986]. The inner
valley floor is the main site of crustal accretion, where
production of volcanoes and ridges up to several hundred
meters high takes place. This volcanism is proposed to
originate from small pockets of melts rising through the
lithosphere to the base of the asthenosphere. Melts are ponded
at a brittlesductile boundary, possibly formed by cooling via
hydrothermal circulation {Chen and Morgan, 1990], or being a
level of neutral buoyancy [Smith and Cann, 1993]. These
models call for each edifice and flow to be fed by a separate
small magma body, whose distribution is related to a
distribution of magma bodies with depth [Magde and Smith,
1995: Smirh and Cann, 1992, 1993, Vogt, 1974].

2.1.2. Fast spreading EPR. Scheirer er al. [1990]
studied seamount abundance in the fast spreading, near-axis,
zone of the southern Pacific-Nazca EPR, between 15° S and 19°
S (from 136 to 142 mm yr'! full rate [Hey et al., 1995]), and
Scheirer and Macdonald [1993] studied seamount abundances
in the northern Pacific-Nazca EPR, between 8°N and 17°N
(from 84 to 118 mm yr‘l full rate). Seamount production in
these regions occurs within a narrow zone 5-15 km from the
axis, with significant growth only out to 25-60 km from the
ridge crest |Alexander and Macdonald, 1996; Macdonald er al.,
1993 Scheirer and Macdonald, 1995; Scheirer et al., 1996,
Shen et al., 1993]. Scheirer and Macdonald [1995] find that
the greater abundance of seamounts is found on elevated and
inflated regions of the northern EPR as opposed to areas with a
smaller cross-sectional area.  When comparing seamount

abundances as a function of spreading rates and ndge
morphology, Scheirer and Macdonald [1995] find that on a
gross scale, near-axis seamount abundance with
spreading rate and ridge morphology changes from a rifted

valley to an axial high.

imncereases

2.1.3. Intraplate volcanism. Intraplate seamount
production may be found at local upwelling regions, possibly
related to secondary convection rolls [Bonatti et al., 1977,
Richter and Parsons, 1975. Searle er al., 1995], mantle
heterogeneities [Davis and Karsten, 1986, Schilling, 1985},
miniplumes [Shen er al, 1993], or hotspots {Duncan and
Richards, 1991, Epp, 1984, Liu, 1996; Morgan, 1972, Pilger
and Handschumacher, 1981, Wilson, 1963a, b]. Hotspots
may have significant interaction with a nearby ndge and lead
to channeling of material (Fontignie and Schilling, 1991,
Haase et al., 1996, Karsien and Delaney, 1989, Kincaid et al.,
1996, Magde and Smith, 1995, Okal und Cazenave, 1985,
Qlson and Nam, 1986: Schilling, 1985, 1991, Schilling et
al., 1985b]
to penetrate the lithosphere, such as thase formed by fracture
zones [Clark and Dymond, 1977, McNui er al., 1989], by
diffuse regional extension [Jackson and Shaw, 1975, Sandwell
et al., 1993 Searle et al., 1995, Turcotte and Oxburgh, 1978,

Poimnts of weakness along which magma 1s able
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Winterer and Sandwell, 1987], by thermal contraction normal
to spreading direction [Turcorre and Oxburgh, 1978] or by
subduction zones [Sandwell er al., 1993], are favorable sites
for seamount formation,

2.2. Tectonic Setting

The study arca 1s a roughly rectangular region extending
from the EPR to Salas y Gomez [sland (SYG) between 25°S and
28°S and from 113°W to 104°W, an area of roughly 243,400
km-> (Figure 1). The area lies entirely within the Nazea plate
and 1s bounded on the west by the portion of the EPR between
the Easter microplate and the Juan Fernandez microplate
(Frgure 2).
topography which extends eastward to the Nazca ridge, within
~1000 km of the coast of South America and the Peru-Chile
trench. The Easter Seamount Chain (ESC) is a broad feature
roughly 3000 km long, extending {rom the EPR to the Nazca
ridge and trending ~085° [Liu, 1996]. The rate of crustal
formation in this region is among to the fastest on Earth
[DeMets et al., 1990, Naar and Hey, 1989]. Present-day
Nazca-Pacific relative spreading (at 27°S) is about 150 mm yr!
full rate [DeMets er al., 1994, Hey et al., 1995; Naar and Hey,
1989] (Figure 2). The Nazca-hotspot direction of 085° that we
use 15 calculated from the overall trend of the chain combined
with the trend of the Galapagos and Juan Fernandez Istands
[Liu, 1996]. Owing to lack of age data for those two chains,
Liu [1996] was unable to calculate an independent rate of
motion for the Nazca plate. Our absolute motion direction of
the Nazca plate (085°) is different than the Gripp [1994]
direction of 123°, because Gripp [1994] summed the Pacific-
hotspot vectors and the Nazca-Pacific vectors using the
revised NNR-NUVELT global hotspot model.

Throughout the study area there are regions of young lava
flows on top of older secafloor, based on interpretation of
GLORI-B side-scan backscatter and  magnetic  anomalies
[Hagen et al., 1990, Liu, 1996, Naar et al., 19934, Stoffers ei
al., 1993]. The study area includes seafloor from zero age to
anomaly 5 age (~9.8 Ma) {Cande and Kent, 1995, Liu, 1996].
In detail, the volcanic construction appears complicated, but

[t is part of an area of anomalously shallow

in general, several long volcanic chains dominate (Plate 1).
These long off-axis volcanic ridges have trends 3°-15° oblique
to relative plate motion and are aligned in a stepping pattern.
The ridges are broad regions of elevated topography composed
of several coalesced seamounts, 1-3 km in height, making
chains 200-300 km long and less than 80 km wide [Liu,
1996]. They are separated from adjacent ridges by 50-100 km
of lower topography and smaller volcanic edifices. Based on
side-scan imagery interpretation some of the secamounts and
voung lava flows appear to be assoclated with these ridges
[Lin, 1996]. volcanism,
displaying high backscatter on the side-scan sonar imagery, i3

However, most of the fresh

clearly not associated with the larger chains.  This suggests
that the large chains have an older origin and are not part of
the younger and pervasive low-lying voleanism.

2.3. Formation of the Easter Scamount Chain

The chain of separate and coalesced seamounts in the study
ared has been identified in the literature as the Easter Fracture
Zone [Clark and Dvmond, 1977], the Salas y Gomez Ridge, the
Faster Hot Line {Bonatti and Harrison, 1976], the laster
Volcanie Chain [Haase and Devev, 1996, Haase et al., 1996],
and the Daster Seamount Chain [Liw, 1996; Naar et al., 19934
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Figure 2. General tectonic setting of the study area. The boundaries of the major tectonic plates are shown
by medium thick solid lines; Pacific, Nazca, Antarctic, Easter microplate (EMP), and Juan Fernandez
microplate (JEMP). Easter Island (EI) and Salas y Gomez Island (SYG) locations are marked with a solid star
and triangle, respectively. GLORI-B leg 5, 6 and 7 cruise tracks are shown by a thin solid line, and boundary
of the study area is show as a thick solid line. The Nazca-Pacific relative plate motion vector is calculated from
the NUVEL-1A model at 27°S and 108°W (marked by a solid diamond), trending 100°, at a full rate of 150 mm

yr't [DeMets er al, 1594]. Nazca-hotspot

absolute plate motion direction is trending 85° with an

undetermined rate, based on a Nazca bestfit Euler pole to three hotspot chains [Liu, 1996] (Table 1). The
Nazca-hotspot absolute plate motion vector is trending 123°, at a rate of 16 mm yr'! [Gripp, 1994].

The mode of formation is stll under current debate, but
geochemical results suggest that the volcanism is a result of a
complex interaction of the lithosphere with the asthenosphere
[Haase and Devey, 1996, Hanan and Schilling, 1989 Poreda e:

al., 1993b]. The ESC was first interpreted as a trace of
lithosphere  motion over a  hotspot  [Pilger and
Handschumacher, 1981, Morgan, 1971, 1972: Wilson,
1963a].  Subsequently, new models have been proposed to

explain the complex bathymetric and geochemical findings,
which could not be explained by a simple hotspot model. K-
Ar radiometric age data suggested contemporaneous volcanism
along the entire length of the chain [Clark and Dymond, 1977,
Bonari et al., 1977]. This age pattern was modeled as (1) a
“leaky fracture zone” [Clark and Dymond, 1977}, in response
to large-scale plate reorientation of the spreading centers; (2)
a “hot line” [Bonari and Harrison, 1976, Bonarti et al., 1977:
Maia er al., 1994], where the ESC formed as a result of mantle
activity occurring along the rising limbs of adjacent Richter
secondary convective rolls [Richter and Parsons, 1973]; or (3)
a “diffuse extension” {Sandwell er al., 1995, Winterer and
Sandwell, 1987], where the ESC formed in response to
regional extension in troughs of thinned and cracked
lithosphere. Other models have been proposed including (4) a
“plume-ridge interaction” [Fontignie and Schilling, 1991
Haase and Devey, 1996, Haase et al., 1996, 1993 Hanan and
Schilling, 1989, Kincaid et al., 1996, O'Conner et al., 1995:
Okal and Cazenave, 1985, Poreda er al., 1993b; Schilling,
1991 Schilling er al, 1985a] to explain mixing between
plume and mid ocean ridge basalt (MORB) as well as a

nonlinear increase of ages to the east; and (5) a “sheared
plume” [lhinger, 1993; Liu, 1996], where “plumlets” of
primordial mantle material rise to the base of the lithosphere,
crossing a shear zone, and are stretched into “football”-shaped
lenses, to explain the enechelon pattern of ridges and age data.
The more recent geochronological ARYAr*® data,
geochemical data, and geophysical data primarily support
model 4,

3. Methods

We measure seamount height, basal area, and volume and
estimate slope, flatness, and cross sectional area from the
gridded bathymetry. Measurements are made on side-scan and
swath bathymetry data collected during GLORIA Legs 5-7,
using (1) the GLORI-B 6.5 kHz side-looking sonar [Somers
and Huggern, 1993], and (2) the SeaBeam 2000 multibeam
bathymetry and acoustic mtensity imagery systems [Liu et al.,
1994, 19934; 7. Liu and D.FF. Naar, Side-scan processing of
GLORI-B 2000, submitted to Marine
Geophysical Researches, 1996, hereinafter referred to as Liun
and Naar, submitted manuscript, 1996a; Z. Liu and D.F. Naar,
Swath bathymetry processing of GLORI-B and SeaBeam 2000,
submitted (o Marine Geophysical Researches, 1996,
hereinafter referred to as Liu and Naar, submitted manuscript,
1996b]. The GLORI-B system measures the phase difference
and the arrival time of the returning echoes to determine the
depth of the seafloor within the area insonified. To provide
higher resolution the GLORI-B data were further processed and

and  SeaBeam
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merged with SeaBeam 2000 bathymetry (Liu and Naar,
submitted manuscript, 1996b) (Plate 1). The processed
bathymetry is gridded ata 0.003° (~300 m) spacing and has a
vertical resolution of ~50 m in the regions surveyed by the
GLORI-B system (5 to 40 km from the track lines) and ~10 m
vertical resolution in the regions surveyed by the SeaBeam
2000 system (~3 km to either side of the track lines) (in Figure
2.

Only seamounts greater than 200 m in height and with
approximately equant shapes (ratio of maximum to minimum
basal diameter less than 2) are used in this study. Exclusion of
seamounts with basal aspect ratio greater than 2 was done for
consistency with other studies [Magde and Smith, 1995;
Scheirer and Macdonald, 1995; Scheirer et al., 1996, Smith
and Cann, 1992] and to reduce the possibility of including
fault-controlled flows. Exclusion of seamounts with heights
less than 200 m was necessary due to the resolution of the
GLORI-B system. Individual seamounts are identified by
visual inspection, and their basal outlines digitized (Figure 3).
We measure height, basal area, and volume directly from the
gridded bathymetry. The seamount bases are identified by
inspection as a sharp break in slope from the average depth of
the region (to the nearest 100 m contour) and by then
contouring along the break in slope until each seamount is
circumscribed. Seamount summits are approXimated as regular
ellipses, and measurements of maximum and minimum summit
diameters are made by inspection of the contour plots (Figure
4). To ensure consistent method of minimum/maximum
diameters for each seamount, summit diameters are not
necessarily parallel to basal diameters. The height (h) of the
seamount is measured as the difference between the depth of its
base and the shallowest point within the seamount’s outline
(+50 m). In several locations, individual seamounts consist of
overlapping volcanoes and volcanic ridges, making
classification with these simple parameters difficult. Because

the overlapping volume represents a minor component of the
total volume, overlapping regions were included in the volume
of both adjacent seamounts.

Previous studies approximated individual seamount edifices
as regular truncated cones in order to approximate shape
parameters [Bemis and Smith, 1993, Scheirer and Macdonald,
1995, Scheirer er al., 1996; Smith, 1988]. In this study we
approximate seamount shapes as regular elliptical cones
(Figure 4), and find that this provides a close estimation to
their actual volumes and basal areas (Figure 5). Flatness ",
defined as the ratio of minimum summit diameter (d) to
minimum basal diameter (D) (f = 4/D), flank slope (F=
arctan(2h/(D-d)), cross-sectional area along the minimum
basal diamater, and aspect ratio of minimum basal diameter to
maximum basal diameter are calculated based on the
approximation of seamount bases and summits as right
circular ellipses (Table 1).

Many studies of seamount size distributions in the Pacific
Ocean describe seamount populations as following an
exponential size distribution but exclude the “large-size”
fraction because of the low number of seamounts in the largest
sized bins [Abers er al., 1988; Bemis and Smith, 1993:
Scheirer et al., 1996, Smith and Jordan, 1987, 1988].
Following the methods of previous studies, the height of each
seamount is ranked and then heights are binned into 100 m
bins, discarding bins containing less than five counts.

4. Results

Over 3000 volcanoes or circular volcanic structures are
identified in the GLORI-B side-scan sonar data [Liu er al.,
1993, Rappaport er al., 1994]. Of these, 383 seamounts are in
the height range of 200 to 3300 m (aspect ratio < 2), including
60 with heights greater than 1000 m (which is the original
classic definition of a seamount by Menard [1964]). Over

Abhu volc. field
-26° A
Lh—l
-28°
L i 1 T Y I
-114° -112° -110° -108° -106° -104°
Figure 3. Basal outlines of 553 secamount used in this study, digitized from the processed sridded bathymetry

data. These outlines are used to measure maximum height, basal area, and total volume from the 0.003° by
0.003° gridded data set. The location of Easter Island (star), Salas v Gomez Island (triangle), the ridge axis
(solid line) and the study area boundary (thick solid line) are shown for reference. Gray stippled lines are age
isochrons along with their magnetic anomaly designation. Spreading axis, failed propagators, fractures zone
(FZ), and pseudofaults are represented by thin solid lines. Isochrons and flows are based on work by Liu
[1996]. Named volcanic features are included, based on published works [Danobeitia et al., 1995; Hagen et al.,
1990; Stoffers er al, 1994]. Abbreviations are: vole, volcanic; Smt, seamount, SYG, Salas v Gomez; EI,
Easter Island; Is], Island; SOEST, School of Ocean and Earth Science and Technology.
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Figure 4. Elliptical approximation of digitized base

s and summits of seamounts with heights >200 m, and

aspect ratio < 2. Ellipses are defined by the long and short axis of the bases and summits. The centers of the
basal ellipses are defined by visual inspection of the center of each digitized base (Figure 3). Ellipses were

drawn assuming that the long and short axis intersect at the center.

This causes overlap among the idealized

elliptical based seamounts but has no impact on calculation of seamount slope or flatness.

50% of the total volume (61,000 km®) of seamounts used in
this study is made up by the 14 largest seamounts (each with a
volume > 1200 km3). Assuming a uniform crustal thickness of
6 km [Chen, 1992], the total volume represents 4.2% of the
total crustal volume over the 243,00 km? study area. The
seamount basal areas cover 67,000 km?, or 27% of the
seafloor. This is far greater than comparable values derived
from seamounts in the near axial zone of the N-EFR (8°N-
17°N): ~03% of volume and ~6% of area [Scheirer and
Macdonald, 1995], as expected for an area influenced by
hotspot volcanism.

4.1. Shape Distribution

To evaluate seamount shape variability, statistics have
been compiled for the 383 individual seamounts used in this
study (Table 1). In Figure 6, height is plotted against six
other parameters: basal radius, summit radius, volume, cross-
sectional area, flatness, and slope.

4.1.1. Radius. Seamount height increases with
minimum basal radius as expected (Figure 6a). The population
mean of hirgip is 0.25£0.01, consistent with the value of
0.21 derived by Smirh [1988] and others [Abers et al., 1988,
Scheirer and Macdonuld, 1995, Scheirer et al. 1996]. By
contrast, no correlation appears to exist between herght and
summit radius (Figure 6b). The sample mean of the ratio of
hirgis 1.74 with a standard deviation of 2.18.

4.1.2. Volume.
separately from the gridded bathymetry and thus were tabulated
independently of each other.

Volume and height were measured

A general increase in volume
with increasing height is observed, as expected (Figure oc).
4.1.3. Cross-sectional area. The cross-sectional
area of each seamount is approximated as a trapezoid, using
the minimum basal diameter as the base, the minimum summit
diameter as the top. and a calculated height from the base to s
truncated summit (which may not be the maximum height for

flattened shapes) Although the minimum summit and basal

diameters are not uccessarily paralicl to cach other, our
approach provides a consistent measure of minimum
diameters, and greatly reduces the influence of overlapping
seamounts. A nonlinear increase in cross-sectional area with
increasing height is observed (Figure 6d).

4.1.4. Flatness and slope Flatness (the ratio of
minimum summit diameter t© minimum basal diameter) 13
plotted against height in Figure Ge. The flatness varies from
0.01 (a pointy cone) to 0.57 (a flattened truncated cone). The
mean flatness is 0.14 with a standard deviation of 0.10.
Seamounts in the lower size ranges (200 to 1200 m) show a
much greater variability in flatness (from ~0.01 to 0.57) than
larger ones and have corresponding flank slopes ranging
between 3° and 32° (Figure 6): a mixture of pointy and flat
(pancake-like) profiles. The largest
seamounts (> ~1200 m) can be described uniformly as pointy
cones (with the exception of Easter Island, where its summit
plateau is taken at sea level, and thus its flatness is
overestimated), with a mean flatness of 0.03 with a standard
deviation of 0.02. The typical shape of seamounts with
heights greater than 1200 m is a pointy cone (flatness 0.2 or
less), with a broad base, and slopes between 5° and 13°. This

cross-scctional

may account {or the nonlinear increase in cross-sectional area
with height (Figure 6d). A refationship between slope and
flatness is less clear. There is a variability of seamount slopes
at all flatness ranges; however, pointy seamounts have low
slopes, and flattened seamounts have highly variable flank
slopes.

4.2. Size Distribution

We use the same methods as previous studies which have
described variations in scamount size distribution and overall
abundance in different tectonic environments [Abers et al,
1988 Batiza, 1982; Batizu et al., 1989 Bemis and Smith,
1993 Fornari et al., 1987b; Kleinrock and Brooks, 1994,
Magde and Smith, 1995, Scheirer and Macdonald, 1995
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Figure 5. (Top) Shaded relief hathymetry view of Getu Seamount looking from the SSW. Illumination from
the west. (Bottom) Contour map of same area with 200 m contours. The thick solid line is the approximation
of the base as an ellipse, the thinner gray line is the basal outline, as used in the basal area and seamount

volume extraction routine. This seamount is 2417 m high and 400 km? in volume and has a flatness of 0.02

and a slope of 12°.

Scheirer et al., 1996, Smith and Cann, 1993, Smith and
Jordan, 1987, 1988]. To quantify the height distribution of
seamounts, Jordan et al. |1983] and subsequent studies [Abers
et al., 1988, Bariza, 1982; Bemis and Smith, 1993 Kleinrock
and Brooks, 1994, Scheirer et al., 1996; Smith and Jordan,
1987, 1988] consider the cumulative frequency of scamount

heights. ‘They fit their data with a negative exponential
distribution expressed as v(H)= v,exp(-BH), where v(H) is the
number of seamounts per unit area having height greater than
H, v, 1s the total number of seamounts per unit area, and f§ 1s
the negative of the slope of the line fitting In(u(H)) versus H,
where individual seamount counts are grouped into size bins.
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Table 1. Statistical Summary of 383 Scamounts

Height,® Basal Area,© Slopc,d Flatness® Volume,® Cross- hir min
m ]rcm2 deg km3 sectional
4 Arca?
km?
Mean 640 174.6 7.6 013 160 73 0.25
s d. 340 3789 38 0.10 480 15.9 0.01
Minimum 200 4.6 1.7 0.01 1 0.3 0.06
value
Maximum 3300 3757.4 32.0 0.37 5340 318 0.61
value

2Only considered scamounts with heights greater than 200 m, and aspect ratio less than 2.

bMeasured from the average seafloor depth surrounding each seamount to its shallowest extent.

“Determined by digitizing the base of each seamount by inspection and extracting the data from the gridded GLORI-B bathymetry.
4Based on approximation of the seamount as a regular truncated elliptical cone.

The negative reciprocal of § yields a characteristic height of
the seamount sample (Figure 7).

4.2.1. Maximum likelihood fit. The model
employed by Smith and Jordan [1987, 1988] uses a maximum
likelihood regression fit to the raw binned frequency height
data, over a set height range, and excludes bins that contain
less than five seamount counts. The maximum likelihood fit
requires that the seamount counts be binned, and downweights
bins containing fewer counts; in this case, the highest
seamounts. We follow their methodology using 100 m height
bins and discarding bins containing less than 5 counts (Figure
7), which leaves only seamounts between 200 and 1000 m in
height. The exponential regression to the binned data yields
A1 = 30812 m, and v, = 2.70.15 seamounts per 1000 km”.

5. Discussion

5.1. Implications of the Shape Analysis
With Respect to Height

There is no clear pattern of seamount spatial distribution in
the study area. In general, seamounts are coalesced 1nto
several broad chains [Lin, 1996], but in detail they are
distributed sporadically, with respect to both height and
morphology (Figure 3). One population of seamounts 1s
composed of short seamounts (<1200 m) with variable
flatness from pointy cones (flatness of 0.01) to flattened
domes (flatness of 0.6) and predominantly steep flanks
(slopes of 5° to 27°). A second population is of massive
(height > 1200 m), shield-like, pointy seamounts (flatness <
0.1) with gentle slopes (5° to 15%). The smaller volcanoes
may form by nenplume processes, on-or off-axis [Batiza,
1989]. In many cases, volcanoes may not have reached their
maximum height because lateral conduits have opened which
allowed flank eruptions. The second population is similar 1o
those described by Batiza [1982] and Bariza et al. [1989] as
formed by a plume source.  The general  criteria for
identification of volcanoes resulting from a plume source are
large size, increased geochemical 1sotope ratios and/or linear
age progression (as seen from preliminary geochronological
resuits, [Haase and Devey, 1996, O'Conner et al., 1995, R

Duncan, personal communication, 1996]. However, control
of magma volume, presence of fractures, loss of heat during
ascent, and other factors influencing the distribution and
abundance of seamounts make determination about the source
of the magma difficult and uncertain, without further
geochemical results.

The flatness and flank slope (Figures 5e and Figure 5f) do
not have an obvious relationship with height. Seamounts less
than 1200 m appear to have greater variability of slope and
flatness and apparently less variability with height greater
than 1200 m. This may be due in part to the smaller number of
larger seamounts, or it may suggesl larger volcanoes will grow
laterally once they reach a certain height [Vogt, 1974]. Smith
and Jordan [1987] argue that in a simple dynamical model {or
volcano formation, height i1s proportional to the hydraulic
head due to the buoyancy of the magma. This assumption,
first made by Vogr [1974], implies that (1) volcano size i1s not
limited by the availability of magma so that the equilibrium
height is always attained and (2) the hydraulic head is
proportional to the source depth. Thus an exponential
seamount height distribution could result from an exponential
distribution of discrete source depths. The principal
conclusion of Vogt's study was that volcano height 1s
primarily iimited by the thickness of the lithosphere at the
timme that the volcano 1s built; thus larger seamounts are able
to be supported by increasing plate thickness. Although the
relationship between depth of source and volcano height is
observed elsewhere, it may not be solely a result of hydraulic
head. Other factors controlling seamount growth include total
magma supply and duration of volcano growth [Wilson er al.,
1992].

5.2. Comparison With Seamounts From
Other Tectonic Environments

The characteristic height of the population and the number
of expected seamounts per unit area results are compatible with
other seamount studies fisted in Table 2 [Abers er al., 1988,
Batiza. 1982; Bemis and Smith, 1993 Kleinrock and Brooks,
1994; Magde and Smith, 1995: Scheirer et al., 1996 Scheirer
and Macdonald, 1995; Smith and Cann, 1690, 1992, Smith
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Figure 6. Cross correlation between six seamount shape properties and seamount height. There are 383
circles in each plot, representing seamounts with heights greater than 200 m and aspect ratio less than 2 (see
text). The resolution error for all parameters is smaller than the symbol size presented. (a) Basal radius (see
text) plotted against seamount height. The average ratio of h/ry, 15 0.2520.01 (see Table 1). (b) Summit
radius (see text) plotted against seamount height. There is no apparent relationship between the height and
summit radius. (¢) Volume plotted against seamount height. (d) Cross-sectional area plotted against seamount
height. (e) Flatness plotted against scamount height. A valuc of 0 is a pointy cone, and a value above 0.2 is
considered a flattened-dome. Notice high variability in flatness for seamounts with heights less than 1200 m.

(f) Slope plotted against seamount herght.
than 1200 m.

and Jordan, 1987, 1988]. The relationship between spreading
rate and seamount formation is not fully understood. In
general, the characteristic height of the seamounts increase
and the number per unit decrease with increasing
spreading rate. One exception are results from the Galapagos
where the characteristic height is found to be actually lower
than that found in spreading rates more than twice as slow!
The investigators suggest that this could be due to the
dominance of fissure-fed flows over point sources, or another
cause related to ridge propagation over older crust [Kleinrock
and Brooks, 1994]. Seamounts in the slow spreading MAR are
smaller and 100 times more numerous at the [ower height
range. The resolution of our GLORI-B data does not allow
200 m 1n

area

accurate identification of features smaller than

height. In addition, features such as abyssal hills, fault
scarps, relic ridge-crest structures, and other rugged

topography often have heights at ~100 m which tend to make

Notice high vartability in slope for seamounts with heights less

the identification of volcanic edifices difficult around this
height [Abers er al, 1988]. Thus we cannot make a
comparison with seamount distributions from slow spreading
regions (height range 50-250 m) [Magde and Smith, 1993,
Smith and Cann, 1990, 1992].

Comparison with results from some Pacific seamount
studies (Table 2) is limited because Abers er al. {1988], Remis
and Smith [1993], and Smith and Jordan 1987, 1988] describe
a scamount population based on single line of wide-beam
echo-sounding data and use a technique which estimates the
total abundance of seamounts. Furthermore, Smith and Jordan
{1987, 1988] restricted their analysis to “normal” seafloor,
avoiding areas of hotspot volcanism and fracture zones. The
area which we are describing is in the middle of known hotspot
volcanism [Fontignie and Schilling, 1991, Haase and Devey,
1996; Haase er al., 1996, 1993, Hanan and Schilling, 1989,
Kincaid er al., 1996, Liu, 1996; Morgan, 1971, 1972
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Figure 6. {continued)

0'Conner et al., 1995, Ukal and Cazenave, 1985, Pilger and
Handschumacher, 1981 Poreda et al., 1993b; Schilling,
1991; Schilling et al., 1985a; Wilson, 1963a].

We have ~100% bathymetric coverage and do not require
estimation of the large seamount population. Studies by
Scheirer et al. {1996], Scheirer and Macdonald [1995], and
Kleinrock and Brooks [1994] also have ~100% coverage and
do not rely on estimation of seamount abundances. Thus these
studies can are most similar to ours. In this study the 8 =
308+12 m and v, = 2.7£0.15 seamounts per 1000 km? are
most similar to results obtained from seamounts in the
southern EPR [Scheirer et al., 1996], also using ~100%
bathymetry coverage. Scheirer et al. [1996] used a slightly
greater seamount height range (200 to 1200 m) than our range
(200 to 1000 m), which increases the 21 yvalue. Mean f{latness
and slope ranges for the seamount population having heights
between 200 and 1000 m overlap with studies made by
Scheirer et al. [1996] and Scheirer and Macdonald [1993]
having similar height ranges (200 (0 1200 m). Mean flatness
(0.05) calculated from data provided by Scheirer et al. [1996]
is significanty lower than ours, perhaps the result of the
influence of hotspot material in our study area creating flatter
morphologies. The mean flatness result of Bemis and Smith
[1993], collected on young crust close to the LPR, is most

situilar to that of the Caster Island scamounts (mean f{latness is
0.15+0.1). Our mean slope (10°£9) is comparable to other
Pacific seamounts studies, most closely to the (13°£5.3) result
of Scheirer et al. [1996]. Mean slope and flatness for the
seamount population below 1000 m appear to be independent
of hotspot volcanism because they compare well with other
studies which avoid hotspot volcanism. This suggests that
the volcanoes in our study area that are greater than ~1000 m
in height are primarily a result of hotspot volcanism.

5.3. Implications for the Formation
of the Easter Scamount Chain

The morphology and distribution of the Easter seamount
population suggest it was formed by more that one process, n
agreement with recent work [Haase and Devey, 1996, Haase et

al.. 1596, 1993 ('Conner et al., 1995, Sioffers et al.. 199431,
It 1s obsuwd from side-scan intensity and radiometric
40Ar39Ar age data [Liv, 1996, O'Conner et al, 1995, K.
Duncan, personal communication, 1996], that volcanism 1s
not contemporaneous along the entire length of the chain.
However, young volcanoes do exist next to older ones,
especially along the western portion of the chain.  Large
seamount edifices (> 1200 m) arc only found on seafloor
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Figure 7. Exponential maximum-likelihood fit to ESC height data. Seamounts in 100 m height bins and
greater than five seamounts in each bin. A total of 383 seamounts are observed with heights greater than 200
m. The cumulative number of seamounts are plotted as crosses on the semi-log plot. Stars, raw {requency;
crosses, curnulative frequency; and circles, raw frequency. The solid lines are the maximum likelihood fit to the
raw and cumulative frequency counts, over the height rang:in!5 from 200-3300 m fit by the exponential model,
v(H)=vgexp(-BH). Where v(H) for the cumulative number is the total e\pected number of seamounts over a
given height (H) in a given area, Ug is the number of seamounts per unit area, B is the characteristic helght of

the population [Smith and Jordan
bin, and the shape parameters (3

i

and vg) are given.

whose age is greater than Chron 3 (~4 Ma) (Figure 3), or at a
distance greater than ~300 km from the axis. Additionally,
the ages of the large seamounts are not much younger than the
age of the seafloor upon which they lic, with age differences
ranging from 3-8 Ma [Liu, 1996; O'Connor er al., 1995, R.
Duncan, personal communication, 1996]. Age differences
between the seamount and seafloor decrease to the west, which
implies that the locus of hotspot activity approaches the ridge
over time. These ages are based on “®Ar3%Ar age measured on
plagioclase, using an incremental heating method [O'Connor
et al.,, 1995; R. Duncan, personal communication, 1996].
Ages apparently increase from east to west along at least two
dominant subparallel tracks, with trends 10°-15° clockwise
relative to Nazca-hotspot motion [Lin, 1996].  Geochemical
studies show an enriched plume signal influence in samples
along the East Rift of the Easter microplate, with the strongest
signal at ~27°S le.g., Poreda et al,, 1993a, Schilling et al.,
1983a; Schilling, 1991]. Samples along the ESC show a pure
plume signal, a pure MORB signal, or a mixture of the two side
by side along the LSC [Haase and Devey, 1996, Haase et al.,
1996, O'Connor er al., 1995].  Analysis of the effective
elastic thickness (Te), provides an mdication of the relative
time of seamount loading, and shows tming to be uniform
along the ESC and generally 1s low (Te ~ 3 km) [Lin, 19906;

S.E. Kruse et al., Effective elastic thickness of the lithosphere
along the Easter Seamount Chain, submitted to Journal of

1987]. Range of heights (given in meters), the minimum number in each

Geophysical Research, 1997, hereinafter referred to as Kruse et
al., submitted manuscript, 1997]. This suggests that the
source of the volcanism has been relatively near the ridge axis
for the past 9 Myr, partly due to repeated plate boundary
reorganizations [Lin, 1996; Kruse et al, submitted
manuscript, 1997].

The different models proposed for the formation of the ESC
may be assessed from the findings of our study. Based on the
location of the largest seamounts and their ages relative to the
underlying seafloor, the largest seamounts could not have
formed on the ridge-axis.  Their location and age are
consistent with a process occurring off-axis. The ESC study
area has the following characteristics: (1) a uniform elastic
thickness; (2) a gross scale age progression to the east,
possibly along at least two subparallel tracks; and (3) at least
two seamount populations, based on their size distribution.
These observations cannot be accommodated by the modcls
which predict simultaneous volcanism along the length of the
chain, such as the “leaky fracture zone” [Clark and Dymond,
1977], “diffuse extenston” [e.g., Sandwell er al., 1995], or
“hot line” [Bonaii and Harrison, 1976].  The diffuse
extension model predicts N-§ stress and thinning of the
lithosphere, creating troughs along which minor upwelling
would occur and seamount formation would be favored. There
is no evidence of such topographic lows nor of ridge-parallel

fissures. Secondary convection rolls, or “hot lines,” predict
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Table 2. Comparison of Seamount Size Distribution Parameters With Other Studies

Study Region Height Y, [ Mean f Mean @
[Latitude] Range, m /10° km? m {Range] [Range]
This study ESC 200-1000 2.7 +15 308 0.15¢.1 10£9.0
[27°-29°S] [0-.57] {2-32}
Scheirer et al. southern EPR 200-1200 4.8+0.3 421 0.05+.14* 13+£53°
[1996] [15°-19°S] [0-.76] [5-35]
Scheirer and northern EPR 200-800 1.92£0.2 240 [0-0.6] [5-25]
Macdonald [8°-18°N]
[1995]
Abers et al. southern Pacific  100-1000 12.6+0.8 174
[1988]° {7°-22°8]
Abers et ul. southern Pacific  100-600 27.181+8.6 68
{1988]°
Bemis and Smith southern. 300-700 1312 233 0.16+.19
{19931 Pacific [0-.8]
[9°-22°S]
Smith and Jordan  eastern 400-2500 5.4£0.7 285 031x.18 1816
(19871, and Smith  Pacific® [0-.691 [5-36]
[1988]
Kleinrock and Galapagos 50-350 37030 29 03+.1 1314
Brooks [1994] [2°N, 95°W] [0-.6] [6-32]
Smith and Cann MAR 50-210 1959 58 031£.16 1514
(1990, 1992] [24°-30°N] [0-.7] [5-28]
Magde and Smith  northern MAR  50-250 31020 68 0.46+.2 2316
[1995] [57°-62°N} [0-.9]
Here

B! is the characteristic height; v, is the total expected number: fis the flatness: @ is the slope: ESC is the Easter Seamount
Chain; EPR is the East Pacific Rise; MAR 1s the Mid-Atlantic Ridge.

2Calculated from published data.
YWhole region, 0-40 Ma.

°EPR region, 0-2 Ma.

dWide beam data from EPR region.
°All regions except for hotspot areas.

volcanism along topographic highs, but this is not observed
in the detailed bathymetry.

The geochemistry and shape distributions support a model
which predicts interaction between an off-axis plume and
material feeding the ndge axis [e.g., Fontignie and Schilling,
1991 Haase et al., 1996, O'Conner et al., 1995; Schilling er
al., 1985a]. The seamount population consists of at least two
types which we speculate have formed from magma having
different physical properties; controlled in part by
temperature, chemistry and crystal content of the source. A
viscosity and/or effusion rate control might explain the
differences in flatness and slope distributions. A hot source is
expected to produce lower viscosity and higher effusion rate
flows, and to form pointy seamounts with gentle slopes. The
geochemical signal of the seamounts 1s expected to be that of
ocean island basalt (OIB), a pure plume signal, if their magma
source is decoupled from that of the ridge axis and surrounding
mantle. However the results of geochemical studies describe a
mixing between end members [e.g., Hanan and Schilling,
1989; Poreda er al., 1993b; Haase and Devey, 1996, Y. Pan
and R. Bauza, Major element chemistry of volcanic glasses
from the Easter Seamount Chamn: Constramnts on melting

conditions in the plume channel, submitted to Jowrnal of

Geophysical Research, 1997].
analysis suggest that mixing among different sources s

Results of shape distribution

occurring over a regional scale.  The spatal distribution of

seamount shapes indicates that a simple rising plume 1s not
responsible for the extensive volcanism. Rather, it seems
that material is rising simultaneously at several locations, and
this material has different chemical and physical properties,
leading to differences 1n viscosity.  Perhaps mixing of
different material 1s occurring at shallow depth; thus lavas
with a plume signature erupt close to others with a mixed
source and on top of older seamounts formed by ridge axis
processes {Haase et al., 1996). The hybrid hotspot model of
rising and shearing of miniplumes [Jhinger, 1995, Liu, 1996]
explains the age data pattern along some of the ridge but lacks
a satisfactory explanation for the formation of all the
seamounts and their geochemical pattern. A high spreading
rate may be responsible for the plume and nonplume mixing
and subsequent complex seamount distribution pattern.

6. Conclusions

Based on the distribution of seamount shapes (slope and
flatness), at least two seamount populations are identified in
the study arear (1) Small volume volcanic edifices with
vurtable {latness from small pointy cones to flattened domes
and steep slopes, and (2) massive volcanie cedifices with

o
77

pointy summits and low slopes. The secamounts cover ~2
ol the seaffoor and make up 4.3% of the total crustal volunic
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The few large seamounts contbuie to the majonity of the

volcanic volume in the area: over 50% ol the total volume of

seamounts used in this study is made up by the 14 largest
seamounts.

Observations made in this study, along with age and
geochemical results of others, place constraints on the
preferred model used to explain the formation of the ESC.
Lithospheric stretching, secondary convection, and leaky
fracture zone models may be ruled out because they predict
contemporaneous ages along the entire length of the ridge,
which 1s not observed in radiometric age data [O'Conner et al.,
1995, Haase and Devey, 1996, Liu, 1996, R. Duncan, personal
communication, 1996]. The lithospheric stretching model
predict east-west fissures which are not observed in the
bathymetry data. Instead geographically, wide-spread
volcanism is observed, with at least two major, subparaliel
ridges. Based on previous work and our morphological study,
we propose that the volcanoes are formed from more than one
source. The lithospheric stretching, secondary convection
(hotline), leaky fracture zone, and simple hotspot models do
not satisfactorily explain the nonsystematic age progression
from west to east nor the different types of seamounts which
lie one beside another. The observations are better explained
by a hotspot-ridge channel model with leaking to the seafloor
[Haase et al., 1996; Schilling, 1991]. We speculate that the
larger volcanoes (>~1200 m) originate from only a hotspot
source giving a more uniform morphology, whereas, only a
portion of the smaller volcanoes (<~1200 m) are formed from
a hotspot source, each having a similar uniform moerphology.
The remainder would be presumably formed by a normal mantle
or a mixed source, giving rise to a greater variability in the
morphology observed.
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